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generating a vehicle-based point cloud of objects in prox-
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based point cloud with the infrastructure-based point cloud
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1
METHOD AND APPARATUS FOR
LEVERAGING INFRASTRUCTURE CAMERA
FOR VEHICLE POSITIONING

INTRODUCTION

The present disclosure relates to determining the precise
position of a vehicle in a GPS-denied environment.

Several vehicle driver assist systems rely on accurately
knowing the position of the vehicle. Examples of such
systems include lane assist, automated valet parking, and
wireless electric vehicle charger alignment. Global Naviga-
tion Satellite Systems (GNSS) including Global Positioning
Satellite (GPS) technologies are useful in determining
vehicle position as long as sufficient GPS signals are avail-
able. Unfortunately, some vehicle operating environments
are GPS-denied.

Thus, while current systems for determining vehicle posi-
tion achieve their intended purpose, there is a need for a new
and improved system and method for coping with GPS-
denied environments.

SUMMARY

According to several aspects, a method of determining the
position of a vehicle includes generating a vehicle-based
point cloud of objects in proximity to the vehicle, receiving
an infrastructure-based point cloud of objects detected by a
sensor mounted at a fixed location external to the vehicle,
and receiving position information referenced to a global
coordinate system about objects included in the infrastruc-
ture-based point cloud. The method further includes regis-
tering the vehicle-based point cloud with the infrastructure-
based point cloud to determine a relationship between the
vehicle-based coordinate system and the global coordinate
system. The method then uses the position information about
the objects included in the infrastructure-based point cloud
and the relationship between the vehicle-based coordinate
system and the global coordinate system to determine the
vehicle position in the global coordinate system, and uses
the determined vehicle position in the global coordinate
system to command a vehicle action.

In an additional aspect of the present disclosure, the
infrastructure-based point cloud is generated by collecting
image data from the sensor mounted at a fixed location
external to the vehicle, performing object detection on the
collected image data from the sensor mounted at the fixed
location external to the vehicle, performing 2D visual fea-
ture extraction from the collected image data from the sensor
mounted at the fixed location external to the vehicle, label-
ing the 2D visual features from the collected image data
from the sensor mounted at the fixed location external to the
vehicle with their object type, creating or updating an
infrastructure-based 3D point cloud with the 2D visual
features from the collected image data from the sensor
mounted at the fixed location external to the vehicle; and
calculating geographic coordinates in the global coordinate
system for points in the infrastructure-based 3D point cloud
with the 2D visual features from the collected image data
from the sensor mounted at the fixed location external to the
vehicle.

In another aspect of the present disclosure, generating the
vehicle-based point cloud of objects in proximity to the
vehicle includes receiving image data from a sensor
mounted to the vehicle, performing 2D visual feature extrac-
tion from the image data received from the sensor mounted
to the vehicle, and labeling the 2D visual features from the
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image data received from the sensor mounted to the vehicle
with their object type. Generating the vehicle-based point
cloud of objects in proximity to the vehicle further includes
creating or updating a vehicle-based 3D point cloud with the
2D visual features from the image data received from the
sensor mounted to the vehicle, and calculating geographic
coordinates in the vehicle-based coordinate system for
points in the vehicle-based 3D point cloud with the 2D
visual features from the image data received from the sensor
mounted to the vehicle.

In another aspect of the present disclosure, the sensor
mounted to the vehicle is an optical camera.

In another aspect of the present disclosure, the sensor
mounted to the vehicle is a lidar sensor.

In another aspect of the present disclosure, the sensor
mounted to the vehicle is a radar sensor.

In another aspect of the present disclosure, the sensor
mounted at the fixed location external to the vehicle is an
optical camera.

In another aspect of the present disclosure, the sensor
mounted at the fixed location external to the vehicle is a lidar
sensor.

In another aspect of the present disclosure, the sensor
mounted at the fixed location external to the vehicle is a
radar sensor.

In an additional aspect of the present disclosure, the
vehicle position is determined by a controller located in the
vehicle.

In an additional aspect of the present disclosure, the
vehicle position is determined by a processor located in a
remote data storage pool.

In an additional aspect of the present disclosure, the
vehicle position is determined by a processor located in a
local data storage pool associated with the infrastructure
camera.

According to several aspects, a system includes a vehicle;
an image sensor mounted to the vehicle; and a controller.
The controller is configured to generate a vehicle-based
point cloud of objects in proximity to the vehicle, the
vehicle-based point cloud referenced to a vehicle-based
coordinate system, receive an infrastructure-based point
cloud of objects detected by a sensor mounted at a fixed
location external to the vehicle, and receive position infor-
mation referenced to a global coordinate system about
objects included in the infrastructure-based point cloud. The
controller is configured to additionally register the vehicle-
based point cloud with the infrastructure-based point cloud
to determine a relationship between the vehicle-based coor-
dinate system and the global coordinate system, and to use
the position information about the objects included in the
infrastructure-based point cloud and the relationship
between the vehicle-based coordinate system and the global
coordinate system to determine the vehicle position in the
global coordinate system.

Further areas of applicability will become apparent from
the description provided herein. It should be understood that
the description and specific examples are intended for pur-
poses of illustration only and are not intended to limit the
scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings described herein are for illustration pur-
poses only and are not intended to limit the scope of the
present disclosure in any way.

FIG. 1 is a schematic block diagram of a vehicle accord-
ing to an exemplary embodiment;
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FIG. 2 is a schematic diagram of a vehicle in the vicinity
of an infrastructure camera according to an exemplary
embodiment;

FIG. 3 is a flowchart of a method for creating an infra-
structure point cloud according to an exemplary embodi-
ment;

FIG. 4 is a flowchart of a method for real-time calculation
of the vehicle position according to an exemplary embodi-
ment; and

FIG. 5 is a presentation of results from a proof-of-concept
experiment comparing position determining systems in a
GPS-denied environment.

DETAILED DESCRIPTION

The following detailed description is merely exemplary in
nature and is not intended to limit the application and uses.
Furthermore, there is no intention to be bound by expressed
or implied theory presented in the preceding technical field,
background, brief summary or the following detailed
description. As used herein, the term “module” refers to
hardware, software, firmware, electronic control component,
processing logic, and/or processor device, individually or in
a combination thereof, including without limitation: appli-
cation specific integrated circuit (ASIC), an electronic cir-
cuit, a processor (shared, dedicated, or group) and memory
that executes one or more software or firmware programs, a
combinational logic circuit, and/or other suitable compo-
nents that provide the described functionality.

Embodiments of the present disclosure may be described
herein in terms of functional and/or logical block compo-
nents and various processing steps. It should be appreciated
that such block components may be realized by a number of
hardware, software, and/or firmware components configured
to perform the specified functions. For example, an embodi-
ment of the present disclosure may employ various inte-
grated circuit components, e.g., memory elements, digital
signal processing elements, logic elements, look-up tables,
or the like, which may carry out a variety of functions under
the control of one or more microprocessors or other control
devices. In addition, those skilled in the art will appreciate
that embodiments of the present disclosure may be practiced
in conjunction with a number of systems, and that the
systems described herein are merely exemplary embodi-
ments of the present disclosure.

For the sake of brevity, techniques related to signal
processing, data fusion, signaling, control, and other func-
tional aspects of the systems (and the individual operating
components of the systems) may not be described in detail
herein. Furthermore, the connecting lines shown in the
various figures contained herein are intended to represent
example functional relationships and/or physical couplings
between the various elements. It should be noted that
alternative or additional functional relationships or physical
connections may be present in an embodiment of the present
disclosure.

As depicted in FIG. 1, the vehicle 10 generally includes
a chassis 12, a body 14, front and rear wheels 17. The body
14 is arranged on the chassis 12 and substantially encloses
components of the vehicle 10. The body 14 and the chassis
12 may jointly form a frame. The wheels 17 are each
rotationally coupled to the chassis 12 near a respective
corner of the body 14.

In various embodiments, the vehicle 10 may be an autono-
mous vehicle and a control system 98 is incorporated into
the vehicle 10. The vehicle 10 is, for example, a vehicle that
is automatically controlled to carry passengers from one
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location to another. The vehicle 10 is depicted in the
illustrated embodiment as a passenger car, but it should be
appreciated that another vehicle including motorcycles,
trucks, sport utility vehicles (SUVs), recreational vehicles
(RVs), marine vessels, aircraft, etc., can also be used. In an
exemplary embodiment, the vehicle 10 is a so-called Level
Four or Level Five automation system. A Level Four system
indicates “high automation”, referring to the driving mode-
specific performance by an automated driving system of
aspects of the dynamic driving task, even if a human driver
does not respond appropriately to a request to intervene. A
Level Five system indicates “full automation”, referring to
the full-time performance by an automated driving system of
aspects of the dynamic driving task under a number of
roadway and environmental conditions that can be managed
by a human driver.

As shown, the vehicle 10 generally includes a propulsion
system 20, a transmission system 22, a steering system 24,
a brake system 26, a sensor system 28, an actuator system
30, at least one data storage device 32, at least one controller
34, and a communication system 36. The propulsion system
20 may, in various embodiments, include an electric
machine such as a traction motor and/or a fuel cell propul-
sion system. The vehicle 10 further includes a battery (or
battery pack) 21 electrically connected to the propulsion
system 20. Accordingly, the battery 21 is configured to store
electrical energy and to provide electrical energy to the
propulsion system 20. Additionally, the propulsion system
20 may include an internal combustion engine. The trans-
mission system 22 is configured to transmit power from the
propulsion system 20 to the vehicle wheels 17 according to
selectable speed ratios. According to various embodiments,
the transmission system 22 may include a step-ratio auto-
matic transmission, a continuously-variable transmission, or
other appropriate transmission. The brake system 26 is
configured to provide braking torque to the vehicle wheels
17. The brake system 26 may, in various embodiments,
include friction brakes, brake by wire, a regenerative brak-
ing system such as an electric machine, and/or other appro-
priate braking systems. The steering system 24 influences a
position of the vehicle wheels 17. While depicted as includ-
ing a steering wheel for illustrative purposes, in some
embodiments contemplated within the scope of the present
disclosure, the steering system 24 may not include a steering
wheel.

The sensor system 28 includes one or more sensors 40
(i.e., sensing devices) that sense observable conditions of the
exterior environment and/or the interior environment of the
vehicle 10. The sensors 40 may include, but are not limited
to, radars, lidars, global positioning systems, optical cam-
eras, thermal cameras, ultrasonic sensors, and/or other sen-
sors. The actuator system 30 includes one or more actuator
devices 42 that control one or more vehicle features such as,
but not limited to, the propulsion system 20, the transmis-
sion system 22, the steering system 24, and the brake system
26. In various embodiments, the vehicle features can further
include interior and/or exterior vehicle features such as, but
are not limited to, doors, a trunk, and cabin features such as
air, music, lighting, etc. (not numbered). The sensor system
28 includes one or more Global Positioning System (GPS)
transceiver 40g configured to detect and monitor the route
data (i.e., route information). The GPS transceiver 40g is
configured to communicate with a GPS to locate the position
of'the vehicle 10 in the globe. The GPS transceiver 40g is in
electronic communication with the controller 34. Because
the sensor system 28 provides object data to the controller
34, the sensor system 28 and its sensors 40 are considered
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sources of information (or simply sources). The sensor
system 28 also includes one or more optical cameras 40c.
The representation of the optical camera 40¢ in FIG. 1 is
intended merely to show the inclusion of the optical camera
40c¢ and is not intended to imply any limitations on the
location or the field of view of the optical camera 40c.

The data storage device 32 stores data for use in auto-
matically controlling the vehicle 10. In various embodi-
ments, the data storage device 32 stores defined maps of the
navigable environment. In various embodiments, the defined
maps may be predefined by and obtained from a remote
system (described in further detail with regard to FIG. 2).
For example, the defined maps may be assembled by the
remote system and communicated to the vehicle 10 (wire-
lessly and/or in a wired manner) and stored in the data
storage device 32. As can be appreciated, the data storage
device 32 may be part of the controller 34, separate from the
controller 34, or part of the controller 34 and part of a
separate system.

The controller 34 includes at least one processor 44 and
a computer non-transitory readable storage device or media
46. The processor 44 can be a custom made or commercially
available processor, a central processing unit (CPU), a
graphics processing unit (GPU), an auxiliary processor
among several processors associated with the controller 34,
a semiconductor-based microprocessor (in the form of a
microchip or chip set), a macroprocessor, a combination
thereof, or generally a device for executing instructions. The
computer readable storage device or media 46 may include
volatile and nonvolatile storage in read-only memory
(ROM), random-access memory (RAM), and keep-alive
memory (KAM), for example. KAM is a persistent or
non-volatile memory that may be used to store various
operating variables while the processor 44 is powered down.
The computer-readable storage device or media 46 may be
implemented using a number of known memory devices
suich as PROMSs (programmable read-only memory),
EPROMs (electrically PROM), EEPROMSs (electrically
erasable PROM), flash memory, or another electric, mag-
netic, optical, or combination memory devices capable of
storing data, some of which represent executable instruc-
tions, used by the controller 34 in controlling the vehicle 10.

The instructions may include one or more separate pro-
grams, each of which comprises an ordered listing of execut-
able instructions for implementing logical functions. The
instructions, when executed by the processor 44, receive and
process signals from the sensor system 28, perform logic,
calculations, methods and/or algorithms for automatically
controlling the components of the vehicle 10, and generate
control signals to the actuator system 30 to automatically
control the components of the vehicle 10 based on the logic,
calculations, methods, and/or algorithms. Although a single
controller 34 is shown in FIG. 1, embodiments of the vehicle
10 may include a number of controllers 34 that communicate
over a suitable communication medium or a combination of
communication mediums and that cooperate to process the
sensor signals, perform logic, calculations, methods, and/or
algorithms, and generate control signals to automatically
control features of the vehicle 10.

In various embodiments, one or more instructions of the
controller 34 are embodied in the control system 98 and. The
vehicle 10 includes a user interface 23, which may be a
touchscreen in the dashboard. The user interface 23 is in
electronic communication with the controller 34 and is
configured to receive inputs by a user (e.g., vehicle opera-
tor). Accordingly, the controller 34 is configured receive
inputs from the user via the user interface 23. The user
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interface 23 includes a display configured to display infor-
mation to the user (e.g., vehicle operator or passenger).

The communication system 36 is configured to wirelessly
communicate information to and from other entities 48, such
as but not limited to, other vehicles (“V2V” communica-
tion), infrastructure (“V2I” communication), remote sys-
tems, and/or personal devices (described in more detail with
regard to FIG. 2). In an exemplary embodiment, the com-
munication system 36 is a wireless communication system
configured to communicate via a wireless local area network
(WLAN) using IEEE 802.11 standards or by using cellular
data communication. However, additional or alternate com-
munication methods, such as a dedicated short-range com-
munications (DSRC) channel, are also considered within the
scope of the present disclosure. DSRC channels refer to
one-way or two-way short-range to medium-range wireless
communication channels specifically designed for automo-
tive use and a corresponding set of protocols and standards.
Accordingly, the communication system 36 may include one
or more antennas and/or transceivers for receiving and/or
transmitting signals, such as cooperative sensing messages
(CSMs).

FIG. 1 is a schematic block diagram of the control system
98, which is configured to control the vehicle 10. The
controller 34 of the control system 98 is in electronic
communication with the braking system 26, the propulsion
system 20, and the sensor system 28. The braking system 26
includes one or more brake actuators (e.g., brake calipers)
coupled to one or more wheels 17. Upon actuation, the brake
actuators apply braking pressure on one or more wheels 17
to decelerate the vehicle 10. The propulsion system 20
includes one or more propulsion actuators for controlling the
propulsion of the vehicle 10. For example, as discussed
above, the propulsion system 20 may include an internal
combustion engine and, in that case, the propulsion actuator
may be a throttle specially configured to control the airflow
in the internal combustion engine. The sensor system 28
may include one or more accelerometers (or one or more
gyroscopes) coupled to one or more wheels 17. The accel-
erometer is in electronic communication with the controller
34 and is configured to measure and monitor the longitudinal
and lateral accelerations of the vehicle 10. The sensor
system 28 may include one or more speed sensors config-
ured to measure the speed (or velocity) of the vehicle 10.
The speed sensor is coupled to the controller 34 and is in
electronic communication with one or more wheels 17.

The aforementioned GPS transceiver 40g can be utilized
to determine the geographic coordinates (e.g., latitude and
longitude) of the vehicle 10 unless the vehicle 10 is located
in a GPS denied environment. Examples of a GPS denied
environment include urban canyons where the street is
flanked by buildings on both sides creating a canyon-like
environment, indoor parking structures, tunnels, etc. In such
an environment, signals from GPS satellites may be blocked
or may be subject to multipath effects, rendering GPS
unreliable for determining the absolute position of the
vehicle 10.

Visual Odometry (VO) may be used to help determine the
position of the vehicle 10 in a GPS denied environment. As
used herein, the term Visual Odometry refers to a process of
determining distance and/or heading information using
sequential camera images to estimate the distance or direc-
tion traveled. Additionally or alternatively, an inertial mea-
surement unit (IMU) may be employed in a GPS denied
environment. As used herein, the term IMU refers to a
device that detects linear acceleration, rotational rate and/or
heading using one or more accelerometers, gyroscopes,
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and/or magnetometers. VO and/or IMU information can be
used to estimate changes in vehicle position over time
intervals when GPS information is not available. Both VO
and IMU have the disadvantage that positioning errors can
accumulate if GPS signals are lost for an extended period of
time.

To improve upon the uncertainties in determining vehicle
position in a GPS-denied environment, in an aspect of the
present disclosure image data captured by a fixed-position
infrastructure camera is leveraged to enhance vehicle posi-
tioning accuracy. As used herein, the term infrastructure
camera refers to an image capture device having a known
position in global coordinates (e.g., latitude, longitude,
altitude, azimuth, elevation angle from horizontal).
Examples of infrastructure cameras include traffic cameras
and security cameras. Infrastructure cameras are commonly
mounted to a fixed support structure (such as a building,
gantry, or utility pole). If the camera mount allows the
camera to swivel over a range of azimuth and/or elevation
angle, capturing the azimuth and elevation angles at the time
of image capture allows the image data to be processed as if
the camera was rigidly mounted.

Referring to FIG. 2 and again to FIG. 1, the vehicle 10 is
depicted in proximity to a fixed-position infrastructure cam-
era 50. The infrastructure camera is affixed by a camera
mount 52 to a camera support structure 54 located at a fixed
location (latitude, longitude, and altitude) relative to the
earth. The vehicle-mounted optical camera 40c¢ is located to
allow capture of image information in an area exterior to the
vehicle 10. It will be appreciated that for some locations and
orientations of the vehicle 10, the field of view of the
vehicle-mounted optical camera 40c¢ will overlap the field of
view of the infrastructure camera 50, i.e., objects in the
overlapping region can be captured by both the vehicle-
mounted optical camera 40c¢ and by the infrastructure cam-
era 50. FIG. 2 also depicts a data storage pool 64 in two-way
communication with the vehicle 10 by means of a vehicle
communication link 60. The data storage pool 64 is also in
two-way communication with the infrastructure camera 50
by means of a camera communications link 62. Although not
shown in FIG. 2, the vehicle 10 may also be in direct
communication with the infrastructure camera 50. Commu-
nication along the communication links 60, 62 may be
achieved by any of several available protocols, including but
not limited to cellular (4G/5G), dedicated short-range com-
munications (DSRC), and cellular-vehicle-to-everything
(C-V2X).

Objects captured by the vehicle-mounted optical camera
40¢ and/or by the infrastructure camera 50 may be generally
categorized as stationary, semi-dynamic, or dynamic.
Examples of stationary objects include but are not limited to
building structures, signs, fire hydrants, ground markings,
traffic lights, and other similar objects which may reasonably
expected to be in the same location for considerable periods
of time. Semi-dynamic objects include objects that are
moveable but are not in constant motion. Examples of
semi-dynamic objects include but are not limited to parked
vehicles, traffic cones, traffic dividers, and the like. Dynamic
objects are objects whose location may be reasonably
expected to change often, including but not limited to
vehicle traffic, pedestrians, and the like.

In an aspect of the present disclosure, image data from the
infrastructure camera 50 is processed to obtain a first 3D
point cloud. As used herein the term point cloud is under-
stood to mean a set of data points in space representing 3D
objects captured in the image data. Each data point in the
first 3D point cloud has a set of Cartesian (X, vy, z) coordi-
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nates representing the location of a physical point on the
external surface of the corresponding object captured in the
image data, relative to the location of the infrastructure
camera 50. Photogrammetry methods, which are known in
the art, are used to produce the point cloud from the captured
image data. Because the geographic coordinates (i.e., lati-
tude and longitude) of the fixed infrastructure camera 50 are
known, the geographic coordinates of each data point in the
first 3D point cloud can be readily determined from the
Cartesian coordinates of the data point.

Similarly, image data from the vehicle-mounted optical
camera 40c is processed using photogrammetry methods to
obtain a second 3D point cloud. Each data point in the
second 3D point cloud has a set of Cartesian (X, vy, z)
coordinates representing the location of a physical point on
the external surface of the corresponding object captured in
the image data, relative to the location of the vehicle-
mounted optical camera 40c¢ on the vehicle 10.

Registration is performed on the first point cloud and the
second point cloud. Registration is a process of finding a
spatial transformation, such as translation, rotation, and
scaling, to align the first point cloud and the second point
cloud and thereby associate visual features received from the
fixed infrastructure camera 50 with visual features received
from the vehicle-mounted optical camera 40c. The geo-
graphic coordinate information (e.g., latitude and longitude)
for visual features in the first point cloud can be combined
with the Cartesian coordinates (e.g., X, y, z relative to
vehicle) for the corresponding visual features in the second
point cloud to calculate latitude and longitude information
for the vehicle 10.

Referring to FIG. 3, a flow chart of an algorithm 100 is
presented depicting a non-limiting example of a method for
generating the first point cloud from visual data from the
fixed infrastructure camera 50. In step 102, image data is
collected from the infrastructure camera 50. In step 104,
object detection is performed on the image data to detect
objects captured in the image data. As a non-limiting
example, a “you only look once” (YOLO) algorithm may be
used for object detection. In step 106, 2D visual feature
extraction is performed from the image data and the 2D
visual features are labeled with their object types. Non-
limiting examples of object types include building struc-
tures, signs, fire hydrants, ground markings, traffic lights,
vehicles, traffic cones, traffic dividers, etc.

With continued reference to FIG. 3, in step 108 a first 3D
point cloud is created or updated with the 2D visual features.
Since the 2D visual features are labeled with their object
types, the corresponding 3D points in the first point cloud
can also be labeled with object types. In step 110, geographic
coordinates (e.g., latitude and longitude) are calculated for
the 3D points in the first point cloud and their corresponding
2D visual features. Since the location of the infrastructure
camera 50 is pre-surveyed, the geographic coordinates of
each 3D point can readily be converted from the local point
cloud coordinate system (i.e., position relative to the infra-
structure camera 50) to the global geographic coordinate
system.

In step 112, maintenance is performed on the first 3D
point cloud. This step may include deleting 3D points from
a previously stored version of the first point cloud to remove
points that are no longer detected. Based on the object type
(e.g., stationary or semi-dynamic), associated with the point,
different refresh time values may be associated with differ-
ent points. Optionally, image data from vehicles in the
vicinity of the infrastructure camera 50 may be used in
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conjunction with image data from the infrastructure camera
50 to augment maintenance of the first point cloud in step
112.

In step 114, the refreshed first 3D point cloud from step
112 is stored in a high-definition (HD) map. In step 116, the
HD map is made available to be shared with vehicles that
may be in the vicinity of the infrastructure camera 50 in the
future. In an exemplary embodiment, the HD map may be
stored in the data storage pool 64 depicted in FIG. 2.
Alternatively, the HD map may be stored in a local data
storage pool associated with the infrastructure camera 50.
The algorithm 100 for generating the first point cloud may
be executed by a processor located in the data storage pool
64 or in a local data storage pool associated with the
infrastructure camera 50, without deviating from the gist of
the present disclosure.

Referring to FIG. 4, an algorithm 140 for calculating the
position of the vehicle 10 in real-time is depicted. In step
142, image data is received from the vehicle-mounted opti-
cal camera 40c and a second point cloud is generated in a
manner similar to the generation of the first point cloud
described with respect to FIG. 3. In step 144, the present
location of the vehicle 10 is estimated. The estimate of the
present location of the vehicle 10 may be based on a
previous determination of the location of the vehicle from
GPS data, potentially modified by visual odometry using
image data received in step 142 and/or by inertial measure-
ment information. In step 146, the second point cloud
generated in step 142 is registered with a first point cloud
generated from image data obtained by an infrastructure
camera 50 located in the vicinity of the estimated present
vehicle location determined in step 144, to associate visual
features received from the fixed infrastructure camera 50
with visual features received from the vehicle-mounted
optical camera 40c. In step 148, the geographic coordinate
information (e.g., latitude and longitude) for visual features
in the first point cloud is combined with the Cartesian
coordinates (e.g., X, y, z relative to vehicle) for the corre-
sponding visual features in the second point cloud to cal-
culate latitude and longitude information for the vehicle 10.
In step 150, the improved vehicle position information from
step 148 is made available for subsequent use.

An algorithm for calculating vehicle position in real time
such as algorithm 140 presented in FIG. 4 may be executed
in the vehicle 10, for example by controller 34. Alterna-
tively, the algorithm 140 for calculating vehicle position in
real time may be executed by a processor located separate
from the vehicle, such as in the data storage pool 64 or in a
local data storage pool associated with the infrastructure
camera 50, without deviating from the gist of the present
disclosure.

FIG. 5 presents results from a proof-of-concept experi-
ment comparing a point-cloud-based position determining
system as disclosed herein with a GPS based position
determining system in a GPS-denied environment. The
experiment was performed with a vehicle driving on the
lowest level of a multilevel parking structure where GPS
signals are blocked by higher levels of the parking structure.
The first point cloud (infrastructure based) was developed
using a single camera installed at a height of 2.2 m above the
parking surface. The vehicle had an optical camera installed
to capture images from which the second point cloud
(vehicle based) could be created. The vehicle was also
equipped with a GPS unit to capture baseline data to which
the point-cloud-based position determining system could be
compared.
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With continued reference to FIG. 5, a plan view of a
portion of a parking deck surface 200 is depicted. Markings
202 are painted on part of the parking deck surface 200,
defining a plurality of parking spaces 204 for face-to-face
parking. For the sake of clarity not every parking space 204
is labeled, but it is to be understood that parking spaces 204
are defined along the entire extent of the markings 202. A
wall 206 defines a limit to the parking surface 200. Addi-
tional markings 208 are painted on the parking surface near
the wall 206 to define additional parking spaces 210. Again,
for the sake of clarity, neither every additional marking 208
nor every parking space 210 is labeled, but it is to be
understood that the markings 208 and parking spaces 210
extend substantially along the extent of the wall 206. The
markings 202 and 208 define a traffic lane 212 indicated by
a dashed box between the rows of parking spaces 204, 210.

As part of the proof-of-concept experiment, a vehicle was
driven on the lower level of the parking structure in the
traffic lane 212 defined between the rows of the parking
spaces 204, 210. As the vehicle was driven, the position of
the vehicle was estimated by using GPS and by using a
point-cloud-based method as described above. The triangles
214 represent the track of the GPS estimates. While not
every triangle 214 is labeled in FIG. 5, each triangle shown
in FIG. 5 represents a point along the track estimated by
GPS. The stars 216 represent the track of the point-cloud-
based location estimates. While not every star 216 is labeled
in FIG. 5, each star shown in FIG. 5 represents a point along
the track estimated by the point-cloud-based method.
Because the experiment was conducted in a GPS-denied
environment, the GPS estimates include significant position
error, as evidenced by the track represented by the triangles
214 intersecting the wall 206 that physically defines a limit
to the parking surface 200. It can be seen that the point-
cloud-based estimates include less position error than the
GPS based estimates represented by the triangles, as evi-
denced by the stars substantially coinciding with the traffic
lane 212.

While the foregoing description refers to images captured
by a vehicle-mounted camera 40c¢ and by an infrastructure
camera 50, it is not intended that the teachings of the present
disclosure be limited to images captured by an optical
camera. Alternative image sensor technologies including but
not limited to lidar and/or radar may be used to capture
images to be processed in accordance with the present
disclosure without departing from the spirit and scope of the
disclosure.

A method and system of the present disclosure for deter-
mining the position of a vehicle offers several advantages.
These include enabling advanced driving assistance features
that might not otherwise be available, especially in urban
environments where GPS signals may not be sufficiently
robust. Automated valet parking and wireless EV charger
alignment are but two examples of features that may benefit
from the method and system disclosed herein. Additionally,
in some aspects, the vehicle is not only a consumer of
enhanced position information, but can also be a provider of
information to allow updates to an infrastructure-based
resource to benefit other vehicles.

The description of the present disclosure is merely exem-
plary in nature and variations that do not depart from the gist
of the present disclosure are intended to be within the scope
of the present disclosure. Such variations are not to be
regarded as a departure from the spirit and scope of the
present disclosure.
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What is claimed is:
1. A method of determining a vehicle position, compris-
ing:
generating a vehicle-based point cloud, wherein the
vehicle-based point cloud includes a plurality of
vehicle-based objects in proximity to the vehicle
detected by a sensor mounted to the vehicle, and
wherein the vehicle-based point cloud is referenced to
a vehicle-based coordinate system, wherein generating
the vehicle-based point cloud of objects in proximity to
the vehicle comprises:
receiving image data from the sensor mounted to the
vehicle;
performing object detection on the image data received
from the sensor mounted to the vehicle;
performing 2D visual feature extraction from the image
data received from the sensor mounted to the
vehicle;
labeling the 2D visual features from the image data
received from the sensor mounted to the vehicle with
their object type;
creating or updating a vehicle-based 3D point cloud
with the 2D visual features from the image data
received from the sensor mounted to the vehicle; and
calculating geographic coordinates in the vehicle-based
coordinate system for points in the vehicle-based 3D
point cloud with the 2D visual features from the
received image data from the sensor mounted to the
vehicle;
updating the vehicle-based point cloud from the plurality
of vehicle-based objects detected in proximity to the
vehicle detected by the sensor mounted to the vehicle;
receiving an infrastructure-based point cloud of a plurality
of infrastructure-based objects detected by a sensor
mounted at a fixed location external to the vehicle,
wherein the infrastructure-based point cloud is gener-
ated by:
collecting image data from the sensor mounted at the
fixed location external to the vehicle;
performing object detection on the collected image data
from the sensor mounted at the fixed location exter-
nal to the vehicle;
performing 2D visual feature extraction from the col-
lected image data from the sensor mounted at the
fixed location external to the vehicle;
labeling the 2D visual features from the collected
image data from the sensor mounted at the fixed
location external to the vehicle with their object type;
creating or updating an infrastructure-based 3D point
cloud with the 2D visual features from the collected
image data from the sensor mounted at the fixed
location external to the vehicle; and
calculating geographic coordinates in a global coordi-
nate system for points in the infrastructure-based 3D
point cloud with the 2D visual features from the
collected image data from the sensor mounted at the
fixed location external to the vehicle;
receiving position information referenced to the global
coordinate system for the plurality of infrastructure-
based objects included in the infrastructure-based point
cloud;
registering the plurality of vehicle-based objects in the
vehicle-based point cloud with the plurality of infra-
structure-based objects in the infrastructure-based point
cloud to determine a relationship between the vehicle-
based coordinate system and the global coordinate
system,
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using the position information about the plurality of
infrastructure-based objects in the infrastructure-based
point cloud and the relationship between the vehicle-
based coordinate system and the global coordinate
system to determine the vehicle position in the global
coordinate system; and

using the determined vehicle position in the global coor-

dinate system to command a vehicle action.

2. The method of claim 1, wherein the sensor mounted to
the vehicle is an optical camera.

3. The method of claim 1, wherein the sensor mounted to
the vehicle is a lidar sensor.

4. The method of claim 1, wherein the sensor mounted to
the vehicle is a radar sensor.

5. The method of claim 1, wherein the sensor mounted at
the fixed location external to the vehicle is an optical
camera.

6. The method of claim 1, wherein the sensor mounted at
the fixed location external to the vehicle is a lidar sensor.

7. The method of claim 1, wherein the sensor mounted at
the fixed location external to the vehicle is a radar sensor.

8. The method of claim 1, wherein the vehicle position is
determined by a controller located in the vehicle.

9. The method of claim 1, wherein the vehicle position is
determined by a processor located in a remote data storage
pool.

10. The method of claim 1, wherein the vehicle position
is determined by a processor located in a local data storage
pool associated with the sensor mounted at the fixed location
external to the vehicle.

11. A system comprising:

a vehicle; an image sensor mounted to the vehicle; and a

controller configured to:
generate a vehicle-based point cloud of objects in prox-
imity to the vehicle, the vehicle-based point cloud
referenced to a vehicle-based coordinate system;

receive an infrastructure-based point cloud of objects
detected by a sensor mounted at a fixed location
external to the vehicle;

receive position information referenced to a global coor-

dinate system about objects included in the infrastruc-
ture-based point cloud;

register the objects included in the vehicle-based point

cloud with the objects included in the infrastructure-
based point cloud to determine a relationship between
the vehicle-based coordinate system and the global
coordinate system; and

use the position information about the objects included in

the infrastructure-based point cloud and the relation-
ship between the vehicle-based coordinate system and
the global coordinate system to determine the vehicle
position in the global coordinate system,

wherein the infrastructure-based point cloud is generated

by:

collecting image data from the sensor mounted at the
fixed location external to the vehicle;

performing object detection on the collected image data
from the sensor mounted at the fixed location exter-
nal to the vehicle;

performing 2D visual feature extraction from the col-
lected image data from the sensor mounted at the
fixed location external to the vehicle;

labeling the 2D visual features from the collected
image data from the sensor mounted at the fixed
location external to the vehicle with their object type;

creating or updating an infrastructure-based 3D point
cloud with the 2D visual features from the collected
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image data from the sensor mounted at the fixed
location external to the vehicle; and

calculating geographic coordinates in the global coor-
dinate system for points in the infrastructure-based
3D point cloud with the 2D visual features from the
collected image data from the sensor mounted at the
fixed location external to the vehicle,

wherein the vehicle-based point cloud of objects in prox-

imity to the vehicle is generated by a method compris-

ing:

receiving image data from the sensor mounted to the
vehicle;

performing object detection on the collected image data
received from the sensor mounted to the vehicle;

performing 2D visual feature extraction from the image
data received from the sensor mounted to the
vehicle;
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labeling the 2D visual features from the image data
received from the sensor mounted to the vehicle with
their object type;
creating or updating a vehicle-based 3D point cloud
with the 2D visual features from the image data
received from the sensor mounted to the vehicle; and
calculating geographic coordinates in the vehicle-based
coordinate system for points in the vehicle-based 3D
point cloud with the 2D visual features from the
image data received from the sensor mounted to the
vehicle.
12. The system of claim 11, wherein the sensor mounted
to the vehicle is an optical camera.
13. The system of claim 11, wherein the sensor mounted
to the vehicle is a lidar sensor.
14. The system of claim 11, wherein the sensor mounted
to the vehicle is a radar sensor.
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